EnvironmEntal HEaltH insigHts 2016:10 resveratrol is found in red wine. Carotenoids, the yellow, orange, and red pigments produced by plants, are present in a variety of vegetables. Flavonoids and curcumin are other dietary polyphenols that activate AhR. Although considered less toxic, these lower affinity ligands are capable of activating AhR-dependent signaling. The array of potential dietary ligands suggests that AhR activation may be commonplace and physiological.
Phenotypic characteristics of mice that lack AhR provide further evidence of its physiological relevance. Germline AhR knockouts produced by three separate laboratories have demonstrated the importance of AhR for the physiological regulation of growth, fertility, and liver and cardiovascular development, as well as the expected decreased sensitivity to dioxin exposure. 14 More recently, tissue-specific deletion models indicate that AhR is an important regulator of hepatic energy homeostasis, adipocyte and dendritic cell function, and cerebellar granule cell development. [15] [16] [17] Although knockout studies are frequently cited as evidence for the activation of AhR in the absence of exogenous ligands, the range of molecules derived from food sources outlined above calls this idea into question. nevertheless, knockout studies also prompted the search for endogenous ligands, and several have been identified. For example, ultraviolet light exposure produces tryptophan derivatives in the skin and liver in rodents and humans that bind AhR with high affinity. 18, 19 Activation of AhR by these compounds, although transient due to their rapid metabolism, potentially links AhR activity to daily oscillations in environmental illumination and to regulation of the circadian clock. [20] [21] [22] A cocktail of tryptophan photoproducts or the specific photoproduct 6-formylindolo [3,2-b] carbazole (FICZ) activates AhR and alters expression patterns of circadian clock genes in vivo in the liver, as well as in a cell line derived from the rat suprachiasmatic nucleus (SCn), the brain's master clock.
14 These data highlight the potential physiological functions of endogenous agonists, and demonstrate that AhR can interact with the circadian clock.
AhR Activation and signaling
In the absence of a ligand, the inactive AhR is bound by a group of chaperone proteins that include heat shock protein 90 (HSP-90) and the AhR-interacting protein comprised PAS-A and prostaglandin E synthase (p23), and localizes within the cellular cytoplasm. PAS-B regions act as interactive surfaces for heterodimer and homodimer formation and function as the ligand-binding surface. Lipophilic AhR agonists enter the cell and bind specifically to the PAS-B region of the cytoplasmic AhR. Ligand binding causes a conformational change that exposes a nuclear localization sequence, and after phosphorylation by protein kinase C, the ligand-bound AhR complex subsequently translocates into the nucleus. [23] [24] [25] In the nucleus, the PAS-A domain of AhR dimerizes with the aryl hydrocarbon receptor nuclear translocator (Arnt) through its PAS domain, and this heterodimer binds specific DnA sequences, identified as xenobiotic response elements within the promoters of target genes. Classical AhR target genes include phase I metabolizing enzymes, cytochrome P450, family 1, member 1A (Cyp1A1), cytochrome P450, family 1, member 2A (Cyp1A2), cytochrome P450, family 1, sub family B (Cyp1B1), phase II metabolizing enzymes, and AhR repressor, although many other genes may also be regulated by AhR/Arnt. 26 Classical AhR signaling does not, however, account for all the cellular effects attributed to the activated AhR. AhR signaling may be influenced by the affinity of the ligand for the AhR, as well as by cell-type-specific properties and other environmental factors. non-canonical signaling through AhR includes crosstalk with other nuclear receptors, regulation of cell cycle and MAP kinase cascades, modulation of the immune system, activation of immediate early genes, and interaction with the molecular circadian clock. Crosstalk between AhR and estrogen receptor (ER) signaling is perhaps the most well studied among the nuclear receptor interactions. Molecular processes that underlie these interactions remain under investigation, but are likely multifactorial. Proposed mechanisms include direct binding of liganded AhR to ER, competition between AhR and ER for the same transcriptional co-activators and co-repressors, enhanced estrogen metabolism resulting from inductions of phase I metabolizing enzymes, and proteosomal targeting of ER for degradation (reviewed in the studies by Shanle and Xu 27 and Swedenborg and Pongratz
28
). Although AhR activation is most commonly anti-estrogenic, some AhR ligands are weakly estrogenic and the effects are context-dependent. 27 AhR crosstalk with signaling pathways critical to cell-cycle progression highlights the involvement of AhR in tumorigenesis. The complex interface with the cell cycle is not completely delineated, but is dependent on protein-protein interactions with the retinoblastoma tumor suppressor protein (RB). This heterodimer acts transcriptionally to regulate both co-activation and co-repression during the G1 phase of the cell cycle. AhR also induces the p27 Kip1 cyclin/cdk inhibitor and the cyclindependent kinase inhibitor p21. Similarly, AhR is also an important regulator of immune cell compartments, especially in inflammation and autoimmunity. 29 Clearly, AhR is a versatile receptor with a unique ability to sense chemical change in the environment. How it relates that chemical change into physiological adaptation remains a major topic for discovery.
AhR and the circadian clock
The perpetual existence of daily oscillations of the 24-hour light/dark cycle has led to an integration of environmental diurnality with physiological function. The endogenous circadian clock that drives internal timing synchronizes with the cyclic changes of the external environment to regulate processes such as the sleep-wake cycle, locomotion, feeding, and temperature such that they coordinately function at the appropriate time of day. 30, 31 In mammals, the central oscillator resides in a region of the basal hypothalamus called SCn and receives and relays information from the external environment. 30 Circadian rhythms are generated by core clock genes that form transcriptional and translational feedback loops, controlling their own mRnA and protein levels. Specifically, the PAScontaining proteins Clock and Bmal1 form a heterodimer and bind to enhancer-box (Ebox) regions upstream of the PAS domain containing clock genes, most notably the Period and Cryptochrome (Cry) families. 32, 33 Increased levels of Per and Cry form heterodimers that feed back to inhibit Clock and Bmal1 directed transcription. Posttranslational mechanisms of casein kinase 1 delta and 1 epsilon phosphorylate Per proteins and target them for polyubiquitination and degradation, releasing the inhibition of Clock and Bmal1, thereby maintaining the 24-hour cycle of clock genes. 34 Although the circadian clock is self-regulating, it is capable of sensing and adapting to change. Similar to AhR-dependent mechanisms that sense xenobiotics through PAS regions, the circadian clock uses Clock, Bmal1, and Per, PAS domain-containing proteins to regulate the circadian period. PAS domains, comprised of two 70 amino acid repeats identified as PAS A and PAS B, allow these proteins to function as environmental sensors and communicate downstream signals through gene transcription. 3, 35 AhR and Arnt are members of the same protein family, both containing basic helix-loop-helix (bHLH) domains, composed of two α helices with an inner loop sequence, and PAS structural motifs. The bHLH-PAS proteins are a subfamily of the bHLH family. 3 The PAS domain facilitates heterodimer and homodimer formation among family members.
3-5 PAS-domaincontaining proteins are promiscuous in both their ligand binding and the formation of heterodimers, which allows for varied combinations of protein-protein interactions and crosstalk among intracellular signaling pathways. This promiscuity suggests that AhR can interact with other PAS-containing proteins outside its established canonical pathway, enhancing the possibility of activation of myriad signaling pathways. 36 Following agonist-induced activation, AhR forms a heterodimer with the protein Arnt, which has a sequence homology similar to the clock protein Bmal1, including similar intron/exon splice patterns and conservation of five exons that compose the PAS domain. 37 After ligand binding, the activated AhR enters the nucleus, where it can also form a heterodimer with Bmal1 in cultured hepatoma cells as well as in the ovary. 38, 39 This AhR/Bmal1 heterodimer disrupts the normal Clock/Bmal1 activation of Per1 on the Per1 promoter, resulting in the inhibition of Per1 transcription and dampened Per1 rhythm in liver (Fig. 1) . 39, 40 Furthermore, Per1 and Bmal1 rhythms are altered in the SCn of mice exposed to 2,3,7,8-tetrachlorodibenzodioxin (tCDD). 41 AhR is widely expressed in the central nervous system, including the hypothalamic SCn, the central circadian clock. 42 Following intravenous injection of tCDD in rats, low levels of the dioxin are distributed in the brain, and the AhR target genes are upregulated. 43, 44 AhR activation in mice and hamsters alters rhythms of feeding and activity, gene expression, and the hormones prolactin, corticosterone, and melatonin. [45] [46] [47] [48] [49] [50] [51] Human exposure to pesticides, which contain potent AhR agonists, increases the risk for idiopathic rapid eye movement sleep behavior disorder, further establishing a link between AhR, sleep, and circadian rhythms. 52 Since AhR and Arnt are expressed within hypothalamic nuclei that regulate circadian rhythmicity, feeding behavior, and hormone secretion, and AhR activation alters gene expression in the hypothalamus, AhR-dependent mechanisms should be further explored. 41, 42, 48, 50 Activation of AhR alters the expression patterns of circadian clock genes and suppresses circadian rhythms. Reciprocally, genetic alteration of the circadian clock influences AhR signaling and sensitivity to agonist-induced activation of AhR and AhR target genes. 40, [53] [54] [55] Rhythmic expression of AhR mRnA and protein levels is regulated by an Ebox DnA-binding region within the AhR promoter, influencing rhythmic control of AhR expression through Clock/Bmal1-induced transcription. [56] [57] [58] [59] AhR is rhythmically expressed in the SCn and peripheral tissues. 41 AhR target gene expression of Cyp1A1, Cyp1B1, and ARnt, although expressed at low levels under basal conditions, has a diurnal expression pattern with a peak that occurs during the day. 41, 57, 58, 60 In response to agonist exposure, Cyp1A1, a key target gene and indicator of AhR activation, has a rhythmic sensitivity that peaks during the night. However, in Per1/2 mutant mice, rhythmic sensitivity to agonist-induced Cyp1A1 expression is abolished, and overall Cyp1A1 levels are enhanced. [53] [54] [55] Additionally, rhythmic oscillation of AhR mRnA and time-dependent sensitivity of target gene upregulation are absent in CLOCK mutant mice. 61 Rhythmic expression of AhR and AhR target genes under basal conditions and time-dependent variations in sensitivity of AhR activation imply that the circadian system influences both physiological and exogenous AhR mechanisms. Overall, the circadian clock acts as a check on AhR sensitivity to ligands. Without an intact circadian clock, rhythmic expression of AhR is abolished, and, not surprisingly, the rhythm in sensitivity of the AhR to ligand-induced activation is also suppressed. However, without Per1, overall levels of Cyp1A1 are enhanced in response to agonist treatment. An examination of rhythmic expression patterns suggests that highest levels of AhR, with likely highest levels of sensitivity to agonist activation, occur when Per levels are near their trough. Thus, Per may act to suppress AhR protein, likely through an influence on CLOCK:BMAL1 transcriptional activity (Fig. 2 ). An influence of Per1 on Cyp1A1 stability must also be considered.
Conversely, AhR also influences circadian integrity. Under control conditions, mice exposed to a 30-minute light pulse early during the lights-off period perceive this nocturnal light exposure as an extension of the lights-on period. In response, the circadian clock is delayed on subsequent days, which can be observed as an activity onset that occurs later than predicted on the following days. However, this light-induced phase delay in activity onset is severely attenuated in mice treated with either tCDD or β-napthoflavone (BnF), both AhR agonists. 41 This effect holds when AhR agonists are applied to SCn-containing brain slices in vitro. Application of the neurotransmitter glutamate to SCncontaining brain slices mimics the effects of light, causing the same phase delay described above. Pretreatment of SCn slices with the AhR agonist FICZ blocks glutamate-induced phase resetting of the SCn electrical activity rhythm. 22 These data suggest that AhR activation directly within the SCn impacts the ability of the clock to respond to phaseresetting stimuli. In addition to behavioral and electrical activity changes, circadian clock genes Per1 and Bmal1 in liver and SCn are altered in response to AhR agonists. 40, 41, 62 AhR activation with BnF attenuates light-induced induction of Per1 in the SCn, providing an essential mechanism for the effects of AhR activation on light-induced changes in behavioral rhythmicity.
Furthermore, activation of the AhR by FICZ in the SCn cell line SCn2.2 alters the expression of the clock genes Per1, Cry1 and Cry2. 22 Collectively, the data suggest that AhR expression, even under basal conditions, influences circadian rhythm strength. Overall, AhR expression and activation dampens the response of the circadian clock to perturbations in light and dampens the rhythmicity of clock gene rhythms. In contrast, when AhR is deleted, there is a tendency for the clock to have enhanced responsiveness to light at night and for increased amplitude of the Per1 rhythm. 39, 41, 63 Further experimentation in AhR-null mice is needed for confirmation. Generally, the aggregate data suggest that AhR may act as a gain control on the circadian clock; activation of AhR suppresses rhythm amplitude, whereas inhibition of AhR strengthens rhythm amplitude (Fig. 2) .
AhR and the circadian clock in Metabolic disruption
Obesity and type 2 diabetes continue to burden society as a result of lifestyle choices, chemical exposures, genetics, and other contributing factors. In 2011, The World Health Organization predicted that 347 million people suffer from type 2 diabetes. 64 Both circadian disruption and dioxin exposure promote metabolic dysfunction through parallel and overlapping mechanisms. Epidemiological evidence links circadian disruption, by shift work, to higher body mass index, increased triglycerides, glucose dysregulation, obesity, and higher incidence of metabolic syndrome, defined by the national Cholesterol Education Program as the presence of three or more of the following criteria: high waist circumference, blood pressure, fasting triglyceride levels, fasting highdensity lipoprotein, or high fasting glucose levels. [65] [66] [67] [68] Mouse models of circadian disruption produce altered rhythms in core circadian genes as well as clock-controlled genes to include numerous rate-limiting metabolic genes, disrupted rhythms in lipid and glucose metabolism, and hepatic steatosis. 69, 70 AhR status influences circadian rhythm strength, even under controlled conditions. Rhythms of the clock genes Per1 and Bmal1 are significantly enhanced in the liver of AhR -/-mice compared to wild-type mice. 41 Genetic manipulation to reduce AhR expression in mice enhances the ability of mice to adjust their behavior in response to an alteration in the timing of the light/dark cycle (Jaeger and tischkau, unpublished results, April 2016). together, these data suggest that the circadian timing system is more robust, both in terms of amplitude of oscillation and in adaptability to environmental change, when the AhR is inhibited or reduced. toxic responses to dioxins are mediated through the ligand-activated transcription factor AhR and upregulation of target genes that regulate xenobiotic metabolism. 60, 71 Chronic low-level exposure to dioxins is linked to insulin resistance and development of type 2 diabetes. Activation of AhR alters glucose metabolism, glucose tolerance, and insulin levels, and increases the risk of diabetes mellitus. [72] [73] [74] [75] [76] AhR activation specifically within adipose tissue promotes inflammation and impairs glucose and insulin tolerance. 16, [77] [78] [79] Additionally, signaling downstream of tumor necrosis factor α-nuclear factor-kβ, which decreases glucose transporter type 4 expression and contributes to insulin resistance, is increased in adipose tissue of Vietnam veterans exposed to dioxins. 80, 81 AhR activation alters hepatic genes involved in fatty acid, lipid, and cholesterol metabolism pathways, including the peroxisome proliferator-activated receptor (PPAR) pathway, all of which mediate glucose and lipid homeostasis. 62, 82, 83 Additionally, AhR activation induces an inflammatory response, which is implicated in the pathogenesis of metabolic disorders. 78, 84 This evidence points to a clear interaction between activated AhR and systemic energy metabolism. It seems likely that AhR plays a role in maintaining physiological balance in energy metabolism and that constant pathological activation of AhR upsets this balance, thereby contributing to metabolic disease. Perhaps most importantly, mechanisms that underlie physiological regulation of metabolism by AhR provide an opportunity to increase our understanding of how the body reacts to environmental stimulation.
Around 90% of human exposure to dioxins occurs through our diet, primarily through animal fat consumption. 8 Besides tCDD and toxic pollutants, many compounds that influence AhR activity exist as natural components of fruits and vegetables. 11, 85, 86 Additionally, the arachidonic acid metabolite, lipoxin A4, prostaglandins, specifically prostaglandin G2, ahr acts as a brake on the clock, inhibiting the ability of Clock and Bmal1 to drive transcription. When ahr is reduced (lower left), in animals with genetic deletion of one or both alleles, the brake is removed and the amplitude of clock oscillations is enhanced. When ahr is overactivated (lower right) by the presence of toxicants, or a HFD, the inhibitory actions are increased, which contributes to the dampening of the circadian oscillation. Dampened circadian oscillations are strongly associated with systemic metabolic dysfunction.
and an arachidonic acid metabolite produced in inflammatory disease conditions, namely, 12(R)-hydroxy-5(Z),8(Z),10E, 14(Z)-dicosatetraenoic acid (12(R)-HEtE), can act as AhR agonists. [87] [88] [89] Lipid and lipid derivatives, such as oxidized low-density lipoproteins (OxLDL), have been identified as AhR agonists. 90 OxLDL and saturated fatty acids contained in a Western diet activate AhR and contribute to obesity and inflammation in C57Bl/6 J mice. 91 AhR activation also occurs through exposure to flavonoids and metabolites from fruits and vegetables, indole-3-carbinol, and herbal supplements including ginseng. 12, 92, 93 Additionally, the consumption of fish and shrimp, which bioaccumulate organohalogens, increases potential dietary exposure. 94 With a wide variety of AhR agonists present within food, or present due to secondary effects of diets that increase inflammatory mediators, exposure to AhR activation and its consequences are prevalent. Rather than focusing on the contribution of a single AhR ligand to AhR activation and downstream sequelae, it may be more important to consider the overall activation of AhR in response to the constellation of ligands, in terms of the overall metabolic consequences.
Mice lacking AhR expression have enhanced insulin sensitivity and improved glucose tolerance, although improved metabolism may differ depending on age, sex, housing, diet, and possible genetic drift. 63, [95] [96] [97] Mice with a low-affinity AhR allele fed a high-fat diet (HFD) are less susceptible to obesity, exhibiting differences in fat mass, liver physiology, and liver gene expression compared to mice with high-affinity AhR. 98 
AhR
-/-and AhR +/-mice are resistant to the harmful effects of diet-induced obesity through protection against hepatic steatosis, insulin resistance, and inflammation. AhR-deficient mice fed an HFD have enhanced energy expenditure resulting from increased brown adipose tissue activity compared to AhR +/+ mice fed an HFD. 99 HFD consumption disrupts circadian rhythms by altering circadian regulation of gene expression through inhibition of Clock/Bmal1 recruitment to chromatin, resulting in lost oscillation or phase advances of genes. A large number of metabolites in carbohydrate, lipid, metabolic, and xenobiotic pathways are regulated by Clock/Bmal1 binding to their promoter regions. 100, 101 Genes that lose rhythmic expression following HFD consumption often peak during the time period when Clock/Bmal1 is recruited to chromatin, which also coincides with peak the expression of AhR. 41, 102, 103 Persistent activation of AhR alters circadian rhythm, primarily through inhibition of Clock/Bmal1-mediated target genes. [39] [40] [41] Therefore, AhR-induced disruption of Clock/Bmal1 activity may play a role in HFD-induced disruption of metabolic rhythms. Furthermore, even deletion of a single AhR allele (AhR +/-) protects mice against diet-induced changes in transcriptional oscillations and also against glucose and metabolic gene rhythm disruption (Jaeger and tischkau, unpublished results, April 2016). The persistence of the phenotype in the AhR heterozygote mice suggests a dosage effect. These studies highlight the involvement of AhR and the clock in the regulation of energy metabolism and provide interesting opportunities to explore novel therapies to combat poor metabolic health.
summary and Future studies
AhR is widely expressed throughout the body. 104, 105 Peripheral AhR activation and interaction with circadian signaling in metabolic tissues such as liver, adipose, and muscle has the potential to alter metabolism, but further studies are required to elucidate their detailed mechanisms. to study AhR signaling in vitro, use of the mouse Hepa-1c1c7 cell line (high AhR expression) and the Hepa-1c1c7-derived Hepa-1c1c12 (low AhR expression) allows comparison between varied levels of AhR expression. 40 In addition to liver-derived Hepa1c1c7 cells, cell lines derived from lung epithelia, keratinocytes, and fibroblasts can be used to study AhR signaling. 106 In dispersed cells, however, the circadian clock frequently becomes desynchronized because of the lack of synchronizing signals provided in vivo by the SCn, the endocrine and autonomic nervous systems, and diet. Short exposure to high concentrations of serum (serum shock) can provide a synchronizing stimulus for circadian gene expression in mammalian tissue cultures. The mechanism of serum shock is hypothesized to mimic light-induced immediate early genes and synchronize circadian cycles, inherent within individual cells, to the population of cells in the dish. 107 Thus, knowledge of the circadian system and its behavior in cultured cells, together with cell lines that differentially express the AhR, provide unique, yet underutilized opportunities to study the interaction between circadian rhythms and AhR signaling.
AhR and circadian signaling pathways regulate metabolic homeostasis through lateral and superimposed pathways. In addition to sharing PAS domain structure with circadian proteins, AhR demonstrates a rhythmic expression of transcription and sensitivity to activation by the AhR agonist tCDD. 41, 57, 58 Reciprocally, AhR activation influences rhythmic strength of circadian clock genes, hormones, and behavioral responses to light-induced phase shifts. 41, 47, 50 Correlations between AhR variants in mouse models and humans allow us to study how altered AhR affinity affects downstream signaling pathways. 108 Epidemiological studies that explore the link between AhR polymorphisms and obesity may provide important information regarding the influence of AhR on physiological metabolism.
Decreasing AhR levels in mice by either knocking it out completely (AhR -/-) or knocking it down by at least 50% (AhR +/-) seems to enhance rhythms and bolster metabolism. In addition, the broad ligand-binding capacity of AhR suggests that manipulation of the receptor by an antagonist may promote healthier metabolism. The dietary component curcumin, a natural phenol found in spices, and resveratrol, a natural phenol found in red wine, along with synthetic compounds CH-223191, 6,2,4-trimethoxyflavone, and GnF351, have been reported as AhR antagonists. [109] [110] [111] [112] [113] [114] 
